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Wetting stateAnisotropic surfaces have great potential in important applications likemicroﬂuidic devices, lab-on-chip systems,
micro-reactors, coatings and printings. Anisotropic wetting behavior on micro-pillars is of particular interest
since micro-scale morphology on many natural anisotropic wetting surfaces are pillar-like structures. It is
found that the micro-pillars show anisotropic wettability at Wenzel state and isotropic wettability at Cassie
state. Increasing the micro-pillar height will lead to the result that anisotropic wettability switches to isotropic
wettability. Increasing space ratio may amplify the anisotropy. The relationship between anisotropic wettability
and wetting state is interpreted by a thermodynamic model. The anisotropic–isotropic wettability switch can be
attributed to the wetting state transition due to the intruding height change. Our ﬁndings may improve the
understanding of the anisotropicwetting behavior onmicro-pillars and provide an easyway to tailor the anisotropic
wettability by simply changing the micro-pillar geometry.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Biomimetic anisotropic wetting surfaces have great potential in
important applications like microﬂuidic devices, lab-on-chip systems,
micro-reactors, coatings and printings [1–3]. Because of its potential
applications, attempts to identify the roles of key parameters in
inﬂuencing the anisotropic wetting are of great interest for the research
community. Directional dependency of the contact angle on different
artiﬁcial microstructures, including ratchet-like topographical struc-
tures [4], wrinkled surfaces [5], and checkerboard-patterned surfaces
[6] has been studied. Particularly, surfaceswithperiodic parallel grooves
at different length scales, spaces, heights, etc. were extensively investi-
gated in the literature [7–17].
Amongmanymicrostructures,micro-pillars are of particular interest
since micro-scale morphology on many natural anisotropic wetting
surfaces are pillar-like structures. Several groups have paid attentions
to the wetting phenomena on micro-pillar structures recently.
Zhang [18] has discussed a thermodynamic mechanism of super-
hydrophobicity based on the design of a pillar model. It is conﬁrmed
that the roughness factor, like an ampliﬁer, plays a large role inwettabil-
ity. Lv and Hao [19] has proposed a new type of water droplet transpor-
tation mechanism on a micro-structured hydrophobic surface
and found that a water droplet could be driven by scale effect of
micro-pillars under disturbance and vibration. Kashaninejad [20] has. This is an open access article underinvestigated the three-phase contact line shape and eccentricity effect
of anisotropic wettability on pillar structures. It is found that anisotropy
increases by increasing the micro-pillar eccentricity. In spite of some
progress, the mechanism of anisotropic wettability on micro-pillar
structure is not totally understood yet. There is still great demand to fur-
ther study the effect ofmicro-pillar geometry on anisotropic wettability
in order to tailor the surface wetting behavior.
2. Experiment
In the present study, periodical micro-pillars with different geomet-
ric parameters were designed and fabricated using lithography and
deep reactive ion etching. The contact angles fromorthogonal directions
are measured and compared with theoretical ones to characterize an-
isotropic wettability. The effect of geometric parameter of micro-pillar
on anisotropic wettability was thoroughly investigated. It is found that
anisotropic wettability is highly related with wetting state and micro-
pillar height plays important role on the anisotropic–isotropic wettabil-
ity switch. The mechanism could be interpreted by a thermodynamic
model and intruding height theory.
Inspired by natural rice surface, we design themicro-pillars with the
same width but different horizontal and vertical spaces. Fig. 1 is the de-
sign and characterization schematics of micro-pillars. Fig. 1(a) shows
the geometric model of micro-pillars, where a, h, b1, and b2denote
width, height, horizontal space and vertical space of micro-pillars.
Considering the design and micro-fabrication feasibility, the height of
micro-pillar is set at two values h = 20 μm and 40 μm, the width ofthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. Design and characterization schematics of micro-pillars. (a) Geometric model. (b) SEM image. (c) Anisotropic wettability measurement.
Table 1
Experiment and theoretical contact angles of micro-pillars.
h (μm) a (μm) b1 (μm) b2 (μm) S Wenzel (°) Cassie (°) θ0 (°) θ90 (°) ΔCA (°)
20 10 20 40 2 39.7 154.1 50.3 39.3 11
20 10 20 60 3 46.1 158.2 38.5 25.7 12.8
20 10 20 80 4 49.4 160.8 37.1 23.3 13.8
20 10 20 100 5 51.4 162.6 41.8 27.7 14.1
20 20 40 80 2 50.5 154.1 45.3 37.2 8.1
20 20 40 120 3 53.3 158.2 49.7 37.2 12.5
20 20 40 160 4 54.8 160.8 58.6 39.1 19.5
40 10 20 40 2 – 154.1 148.8 149.3 0.5
40 10 20 60 3 27.9 158.2 150.6 150.7 0.1
40 10 20 80 4 36.9 160.8 154.7 154.1 0.6
40 10 20 100 5 41.8 162.6 150.5 151.4 0.9
40 20 40 80 2 39.7 154.1 148.5 148.6 0.1
40 20 40 120 3 46.1 158.2 151.3 150.9 0.4
40 20 40 160 4 49.4 160.8 148.1 148.7 0.6
‘–’denote that theoretical calculation result does not exist.
20 Y. He et al. / Colloids and Interface Science Communications 2 (2014) 19–23micro-pillar is set at two values a=10 and 20 μm, the horizontal space
is set at b1 = 2a, the vertical space is set at b2 = b1 ⋅ S, where Smeans
the horizontal–vertical space ratio and is set at S = 1.5, 2, 2.5, 3, 4,
and 5.
(100)-Oriented p-type silicon wafers were used in the experiments.
Thewaferwas cleanedwith acetone (5 min), ethanol (5 min), deionized
water (2–3 times), and H2SO4/H2O2 (3:1 H2SO4 (97%)/H2O2 (30%),
10 min) sequentially. Negative photoresist (EPG533) was spin-coated
on the wafer afterwards (50 rpm, 50 r/s, 15 s; 500 rpm, 250 r/s, 10 s;
3000 rpm, 1500 r/s, 40 s). Then the wafer was exposed to UV light
(MA6, Karl SUSS company Ltd., 80 s) and was developed in TMAH
resolution. The pattern was transferred from a mask to the photoresist
after lithography. Then deep reactive ion etching (ICP ASE, STS company
Ltd.) was used to form the micro-pillar arrays. In our experiments, the
width and space of micro-pillar were controlled by mask design, and
the height of the micro-pillar was controlled by adjusting the etching
and passivation time. The morphologies of the silicon surfaces are ob-
served with a scanning electron microscope (JEOL, JSM-6309A).
Fig. 1(b) shows the SEM image of one micro-pillar sample (h= 20 μm,
a= 20 μm, b1 = 2a, b2 = b1 ⋅ S, S= 2).
3. Results and Discussion
Anisotropic wettability is generally characterized by measuring the
contact angle of a liquid droplet sitting on the surface. If a surface
shows identical contact angles when measured from different direc-
tions, the surface is said to be isotropic in wettability, otherwise it is an-
isotropic. Fig. 1(c) shows the measurement schematics of micro-pillars
from the horizontal direction (0°) and the vertical direction (90°). The
contact angles of the as-prepared silicon surfaces with micro-pillars
are measured from orthogonal directions using an optical contact
angle measurement device (OCA15EC, Data Physics Company Ltd.).
The CA was determined by ﬁtting a Young–Laplace curve around the
water drop. Deionized water droplets with volumes of 2 μL were
employed for the CA measurements. The experiments were performed
at 20 °C and 10% relative humidity. The mean value was calculated
from 3 individual measurements.
To investigate the effect of micro-pillar geometry on anisotropic
wettability, a series of micro-pillars with different geometric parame-
ters were fabricated and characterized. The static contact angles of the
micro-pillar structure based on Wenzel [21] and Cassie–Baxter [22]
models are given as Eq. (1) and Eq. (2), where θW and θC are the contact
angles at theWenzel state and Cassie states, r is the roughness factor at
Wenzel state, f is the area factor at Cassie state, and θe is the intrinsic
contact angle of the silicon surface.
cosθW ¼ r cosθe ¼ 1þ
4h=a
1þ b1=að Þ 1þ b2=að Þ
 
cosθe ð1Þ
cosθC ¼ f cosθe þ 1ð Þ−1 ¼
1
1þ b1=að Þ 1þ b2=að Þ
cosθe þ 1ð Þ−1 ð2ÞThe experiment and theoretical results of contact angles of micro-
pillars with different geometric parameters are listed in Table 1.
Where h, a, b1, and b2denote height, width, horizontal space and vertical
space of micro-pillars, S = b2/b1 denotes the space ratio along the or-
thogonal direction,Wenzel and Cassie denote theoretical calculation re-
sults based on Eqs. (1) and (2), and θ0/θ90 denotes measurement of
contact angles from the horizontal/vertical direction. Contact angle
difference ΔCA= |θ90− θ0| is used to depict the anisotropy of the sur-
face. IfΔCA is quite small (here b1°), the surface is regarded as isotropic,
otherwise anisotropic.
To investigate the effect of micro-pillar geometry on anisotropic
wettability, comparisons of measured contact angle differences and
micro-pillar geometry are plotted in Fig. 2, where the x axis denotes
the horizontal–vertical space ratio b2/b1, the y axis denotes the contact
angle difference ΔCA = |θ90 − θ0|. Fig. 2(a) shows that the CA differ-
ences of micro-pillars (h= 20 μm, a= 10 μm, b1 = 20 μm) increased
from 11° to 14.1° when space ratio S increased from 2 to 5, while
those of micro-pillars with height h = 40 μm range between 0.1° and
0.9°. Fig. 2(b) shows that the CA differences of micro-pillars (h =
20 μm, a = 20 μm, b1 = 40 μm) increased from 8.1° to 19.5° when
space ratio S increased from 2 to 4, while those of micro-pillars with
height h = 40 μm range between 0.1° and 0.6°. It is obvious that the
micro-pillar height plays an important role in anisotropic wetting. In-
creasing the micro-pillar height will lead to the result that anisotropic
wettability switch to isotropic wettability. Increasing space ratio may
amplify the anisotropy. It is reasonable since increasing the space ratio
will result in an increased energy barrier difference, thus leading to
increased anisotropic wettability.
To investigate the relationship between anisotropic wettability and
wetting state, comparisons of contact anglemeasurement and theoretical
results are plotted in Fig. 3, where the x axis denotes the horizontal–
vertical space ratio b2/b1, the y axis denotes the contact angle, continuous
curves are theoretical results derived from Eqs. (1) and (2), and square
marks denote measured CA from the horizontal direction (θ0) and
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Fig. 2. Effect of the micro-pillar geometry on anisotropic wettability.
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Fig. 3. Relationship between anisotropic wettability and wetting state.
21Y. He et al. / Colloids and Interface Science Communications 2 (2014) 19–23triangle marks denote those from the vertical direction (θ90). Here only
parts of results (h= 20 μm, a= 10 μm, b1 = 20 μm, b2 = 40–100 μm,
S= 2–5) were demonstrated. The measured CAs of micro-pillars with a
smaller height (h=20 μm) are close to their theoretical Wenzel results,
while those with a greater height (h=40 μm) are close to their theoret-
ical Cassie results. Calculated ΔCAs of micro-pillars with a smaller height
(h = 20 μm) range between 11° and 14.1°, while those with a greater
height (h=40 μm) range between 0.1° and 0.9°. It is obvious that
anisotropic wettability is highly related with wetting state. Micro-pillars
show anisotropic wettability at the Wenzel wetting state while isotropic
wettability at the Cassie wetting state.
A thermodynamic analysismodel is established to interpret the rela-
tionship between anisotropic wettability andwetting state, as shown in
Fig. 4. Top view of the micro-pillars structure is shown in Fig. 4(a),
where αmeans the direction of the contact angle. Cut the micro-pillar
along these directions, the cross section image is shown in Fig. 4(b).
Here, a system free energy change from A to B at the Cassie state is
shown in Eq. (3) [23], where ΔF denotes a system free energy change,
γLV denotes surface tension of liquid–vapor interface, θA and θB denote
the contact angle at A and B points, LA and LB denote the distance of A
and B point from the central point, aα and bα denote width and space
of the micro-pillar along the αdirection. The system free energy change
fromA to B atWenzel state is shown in Eq. (4) [23], where h denotes the
height of micro-pillar along the α direction. The system free energy
change is determined by solving these equations using numerical com-
putations. By changing the cutting angle, thewhole free energy and freeenergy barrier values in different directions can be obtained, and the
contact angles can be obtained further. Wen Li et al. [23] has used a
similar method to analyze the anisotropic wettability on micro-
grooves. Their calculation revealed that the strong anisotropy of equilib-
rium contact angle is shown in the noncomposite state (Wenzel state)
but almost all isotropic wetting properties are exhibited in the
composite state (Cassie state). It is reasonable to use their theoretical
analysis to explain our experiment since the cross section image
of micro-pillar is similar with that of micro-grooves. In a word, the
thermodynamic model validates the relationship between the
anisotropic wettability and wetting states.
ΔF CA→B=γLV ¼ θB
LB
sinθB
−θA
LA
sinθA
 
þ aα cosθe−2bαð Þ ð3Þ
ΔFWA→B=γLV ¼ θB
LB
sinθB
−θA
LA
sinθA
 
þ aα þ 2bα þ 4hð Þ cosθe ð4Þ
Furthermore, the effect of the micro-pillar height on anisotropic
wettability is illustrated by wetting state transition based on intruding
height theory. When water drops on a rough surface, it may intrude
the slots of micro-pillars. When the intruding height hi is less than the
(a) (b)
Fig. 4. A 2D thermodynamic analysis model.
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in the Cassie state. Reciprocally, the entrapped gas cannot exist when hi
is greater than h, which results in theWenzel state. The intruding depth
hi can be given by Eq. (5) [24]
hi ¼−
dv 1þ cos θ0 þ βð Þ½ 
2 sin θ0 þ βð Þ
ð5Þ
where dv ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b21 þ b22
q
is the intruding width, θ0 is the instinct contact
angle, and β is the intruding angle. Here, θ0 is set at 60° according to a
precise measuring contact angle on the smooth surface and β is set at
90° since the micro-pillar is rather perpendicular. The absolute value
|hi| is used to predict the intruding height since it may be minus when
θ0 b 90°. Here only parts of the results (h = 20 μm, a = 10 μm, b1 =
20 μm, b2 = 40–100 μm) were demonstrated. The values of |hi| were
obtained using Eq. (5) (|hi| = 17, 24, 31, 38 μm when a = 10 μm,
b1 =20 μm, b2=40, 80, 60, 100 μm).When h=20 μm, theoreticalwet-
ting states are almostWenzel states (|hi| N h).Whilewhen h=40 μm, all
theoretical wetting states are Cassie states (|hi| b h). Nearly all measure-
ment results agreedwell with the theoretical ones. There is only one ex-
ceptional example in which theoretical wetting state is the Cassie state
but measurement result is theWenzel state (|hi| = 17 μm, h=20 μm, |
hi| b h). It is reasonable that Cassie statemay transfer toWenzel state so
long as there is some turbulence such as vibration. In summary, when
micro-pillar height increases enough and is greater than the intruding
height, the Wenzel wetting state may transform to the Cassie wetting
state, thus resulting in the anisotropic–isotropic wettability switch.Conclusion
In conclusion, the micro-pillars show anisotropic wettability at the
Wenzel state and isotropic wettability at the Cassie state. The surface
may switch from anisotropic wettability to isotropic wettability by in-
creasing the micro-pillar height. Anisotropic wettability will increase
when the space ratio increases. A thermodynamic analysis model is
proposed to explain the relationship between anisotropic wettability
and wetting state. Theoretical analysis results agree well with experi-
ment results. Isotropic-anisotropic wettability switch is explained by
wetting state transition due to intruding height change. The results
are signiﬁcant for anisotropic wetting surface design since it may tailor
the anisotropic wettability by simply altering micro-pillars geometry.Acknowledgments
The authors thank the support from National Natural Science
Foundation of China (Grant No. 51005187, 51375398), Aeronautical
Science Foundation of China (Grant No. 2011ZE53055), Fundamental Re-
search Funds for the Central Universities (Grant No. 3102014JCS05001),
111 Project (Grant No. B13044), and Ao Xiang Star program of NPU.References
[1] D. Xia, L.M. Johnson, G.P. López, Anisotropic wetting surfaces with one‐dimensional
and directional structures: fabrication approaches, wetting properties and potential
applications, Adv. Mater. 24 (2012) 1287–1302.
[2] S. Tawﬁck, M. De Volder, D. Copic, S.J. Park, C.R. Oliver, E.S. Polsen, M.J. Roberts, A.J.
Hart, Engineering ofmicro and nanostructured surfaces with anisotropic geometries
and properties, Adv. Mater. 24 (2012) 1628–1674.
[3] S. Neuhaus, N.D. Spencer, C. Padeste, Anisotropic wetting of microstructured sur-
faces as a function of surface chemistry, ACS Appl. Mater. Interfaces 4 (2012)
123–130.
[4] L. Buguin, L. Talini, P. Silberzan, Ratchet-like topological structures for the control of
microdrops, Appl. Phys. A 75 (2002) 207–212.
[5] J.Y. Chung, J.P. Youngblood, C.M. Stafford, Anisotropic wetting on tunable micro-
wrinkled surfaces, Soft Matter 3 (2007) 1163–1169.
[6] X. Zhang, Y. Cai, Y. Mi, Anisotropic wetting on checkerboard-patterned surfaces,
Langmuir 27 (2011) 9630–9637.
[7] M. Morita, T. Koga, H. Otsuka, A. Takahara, Macroscopic-wetting anisotropy on the
line-patterned surface of ﬂuoroalkylsilane monolayers, Langmuir 21 (2005)
911–918.
[8] Y. Chen, B. He, J. Lee, N.A. Patankar, Anisotropy in the wetting of rough surfaces, J.
Colloid Interface Sci. 281 (2005) 458–464.
[9] A.D. Sommers, A.M. Jacobi, Creating micro-scale surface topology to achieve aniso-
tropic wettability on an aluminum surface, J. Micromech. Microeng. 16 (2006)
1571–1578.
[10] F. Zhang, H.Y. Low, Anisotropic wettability on imprinted hierarchical structures,
Langmuir 23 (2007) 7793–7798.
[11] Y. Zhao, Q. Lu, M. Li, X. Li, Anisotropic wetting characteristics on submicrometer-
scale periodic grooved surface, Langmuir 23 (2007) 6212–6217.
[12] D. Xia, S. Brueck, Strongly anisotropic wetting on one-dimensional nanopatterned
surfaces, Nano Lett. 8 (2008) 2819–2824.
[13] J. Yang, F.R.A.J. Rose, N. Gadegaard, M.R. Alexander, Effect of sessile drop volume on
the wetting anisotropy observed on grooved surfaces, Langmuir 25 (2009)
2567–2571.
[14] X. Yong, L.T. Zhang, Nanoscale wetting on groove-patterned surfaces, Langmuir 25
(2009) 5045–5053.
[15] D. Xia, X. He, Y.B. Jiang, G.P. Lopez, S. Brueck, Tailoring anisotropic wetting properties
on submicrometer-scale periodic grooved surfaces, Langmuir 26 (2010) 2700–2706.
[16] D. Wu, Q.D. Chen, J. Yao, Y.C. Guan, J.N. Wang, L.G. Niu, H.H. Fang, H.B. Sun, A simple
strategy to realize biomimetic surfaces with controlled anisotropic wetting, Appl.
Phys. Lett. 96 (2010) 053704–053706.
[17] H.B. Jiang, Y.L. Zhang, D.D. Han, H. Xia, J. Feng, Q.D. Chen, Z.R. Hong, H.B. Sun,
Bioinspired fabrication of superhydrophobic graphene ﬁlms by two‐beam laser in-
terference, Adv. Funct. Mater. (2014), http://dx.doi.org/10.1002/adfm.201400296.
[18] H. Zhang, W. Li, H. Liu, D. Cui, Thermodynamic analysis on superhydrophobicity
based on the design of a pillar model, Soft Matter 8 (2012) 10360–10369.
23Y. He et al. / Colloids and Interface Science Communications 2 (2014) 19–23[19] C. Lv, P. Hao, Driving droplet by scale effect on microstructured hydrophobic
surfaces, Langmuir 28 (2012) 16958–16965.
[20] N. Kashaninejad, N.T. Nguyen, W.K. Chan, The three-phase contact line shape and
eccentricity effect of anisotropic wetting on hydrophobic surfaces, Soft Matter 9
(2013) 527–535.
[21] R.N. Wenzel, Resistance of solid surfaces to wetting by water, Ind. Eng. Chem. 28
(1936) 988.[22] B.D. Cassie, S. Baxter, Wettability of porous surfaces, Trans. Faraday Soc. 40 (1944)
546.
[23] W. Li, G.P. Fang, Y.F. Li, G.J. Qiao, Anisotropic wetting behavior arising from
superhydrophobic surfaces: parallel grooved structure, J. Phys. Chem. B 112
(2008) 7234–7243.
[24] J.D. Wang, D.R. Chen, Criteria for entrapped gas under a drop on an ultrahydrophobic
surface, Langmuir 24 (2008) 10174–10180.
